[1] The upper basin of Effingham Inlet possesses permanently anoxic bottom waters, with a water column redox transition zone typically occurring at least 40 m above the sediment-water interface. During our sampling campaign in April and July 2007, this redox transition zone was associated with sharp peaks in a variety of parameters, including soluble reactive phosphorus (SRP) and total particulate phosphorus (TPP). Based on sequential extraction results, TPP maxima exhibited preferential accumulation of an operationally defined class of loosely adsorbed organic phosphorus (P), which may contain a substantial fraction of polyphosphate (poly-P). This poly-P may furthermore be involved in the redox-dependent remobilization of SRP. For example, direct fluorometric analysis of poly-P content revealed that particulate inorganic poly-P was present at concentrations ranging from 1 to 9 nM P within and several meters above the TPP maximum. Below the depth of 1% oxygen saturation, however, particulate inorganic poly-P was undetectable (<0.8 nM in situ). Assuming this concentration profile reflects the remineralization of inorganic poly-P to SRP across the redox transition, inorganic poly-P degradation accounted for as much as 4 AE 3% (average AE standard deviation) to 9 AE 8% of the vertical turbulent diffusive SRP flux. This finding is a conservative estimate due in part to sample storage effects associated with our analysis of poly-P content. By comparison, iron-linked P cycling accounted for at most 65 AE 33% of the diffusive SRP flux, leaving $25% unaccounted for. Thus, while redox-sensitive poly-P remineralization in Effingham Inlet appears modest based on our direct conservative estimate, it may be higher from a mass balance viewpoint. Poly-P cycling may therefore be an overlooked mechanism for the redox-sensitive cycling of P in some hypoxic/anoxic boundaries, especially iron-poor marine oxygen minimum zones. 
Introduction
[2] Phosphorus (P) is a vital nutrient present in essential biomolecules such as DNA, phospholipids, and ATP. In the marine environment, P is considered the ultimate limiting nutrient over geologic timescales because slow tectonic processes control its input to the ocean, and the inputs of other nutrients are rapid by comparison (e.g., biological fixation of atmospheric N 2 ) [Algeo and Ingall, 2007; Broecker, 1982; Redfield, 1958; Van Cappellen and Ingall, 1996] . Mounting evidence over the last several decades has shown that P is also present at limiting concentrations in vast regions of the modern ocean, leading to a growing need for a better understanding of the short-term P cycle [Benitez-Nelson, 2000; Paytan and McLaughlin, 2007] .
[3] A widespread process in P biogeochemistry is the enhanced remobilization of P from oxic-anoxic transition zones, which has been observed in lacustrine and marine systems and in modern and ancient sediments [Golterman, 2001; Hupfer et al., 1995; Jahnke, 1994, 1997; Ingall et al., 1993; Slomp et al., 2002] . This process contributes to the redox stabilization of the atmosphere and 1 oceans over geologic time [Van Cappellen and Ingall, 1996] . Over a period of years to centuries, however, enhanced hypoxic/anoxic P regeneration exacerbates ecological problems associated with anthropogenic eutrophication [Jilbert et al., 2011; Savchuk et al., 2008; Vahtera et al., 2007] , resulting in elevated water column P concentrations, changing nitrogen (N) fixation patterns, and devastating impacts on native macrofauna and fisheries industries [Jilbert et al., 2011; Vahtera et al., 2007] . Because eutrophication likely leads to P-limited systems [Codispoti et al., 2001; Rabalais et al., 2002] , combined with the fact that marine oxygen minimum zones are expanding due to human activity [Naqvi et al., 2000; Rabalais et al., 2001; Stramma et al., 2008] , the biogeochemical impacts of enhanced hypoxic/anoxic P regeneration have a strong potential to alter global ecosystem function and the global nutrient cycles of P, N, and associated elements.
[4] Despite the significant impacts of enhanced anoxic P regeneration on the global environment over both geologic and modern timescales, the underlying mechanisms of this process are not fully understood. A rich set of previous observations suggest that P regeneration mechanisms are decoupled from those of carbon (C) and N under hypoxic/ anoxic conditions [Golterman, 2001; Hupfer et al., 1995; Jahnke, 1994, 1997; Ingall et al., 1993; Jilbert et al., 2011; Slomp et al., 2002] . For example, the classic explanation of enhanced anoxic P regeneration involves the reductive dissolution of iron (Fe) oxyhydroxide mineral particles. Under oxic conditions, Fe oxyhydroxides are efficient surfaces for P adsorption and therefore act as a sink for dissolved P. Under anoxic conditions, however, Fe oxyhydroxides are unstable, resulting in the release of dissolved P. Although this Fe mechanism is a common and well-studied process [e.g., Froelich et al., 1979; McManus et al., 1997; Mortimer, 1941 Mortimer, , 1942 Sundby et al., 1992] , its global contribution to the enhanced hypoxic/anoxic regeneration of P remains poorly constrained. In fact, Fe-linked P cycling is insufficient to account for redox-sensitive P regeneration in some sedimentary environments [Golterman, 2001; Ingall et al., 2005; Jilbert et al., 2011] and water column redox transition zones [Jilbert et al., 2011; Turnewitsch and Pohl, 2010] .
[5] An additional potential mechanism for redox-sensitive P cycling in aquatic environments is polyphosphate (poly-P) cycling by bacteria. Poly-P is a linear polymer of at least three orthophosphate molecules linked by high-energy phosphoanhydride bonds [Brown and Kornberg, 2004; Kornberg, 1995] . In biological cells, poly-P can be organic, as in the case of trinucleotides such as ATP, or inorganic. Inorganic poly-P typically ranges in size from three to several hundreds of P atoms [Kornberg, 1995] . It is a common biomolecule found in every type of cell, and its biological purpose is multifunctional, including storage of P and energy [Kornberg, 1995; Kornberg et al., 1999; Rao et al., 2009] .
[6] In ocean environments both bacteria [Schulz and Schulz, 2005] and phytoplankton [Diaz et al., 2008] are sources of inorganic poly-P. However, as a group, only bacteria are known for the ability to remineralize inorganic poly-P in a redox-sensitive manner. For example, poly-P is a redoxsensitive molecule in the poly-P accumulating bacteria (PAB) that are utilized for enhanced biological P removal during wastewater treatment [Comeau et al., 1986; Nielsen et al., 2010; Schuler and Jenkins, 2003; Seviour et al., 2003] . In these systems, PAB cultivated under anaerobic conditions remineralize endogenous reserves of inorganic poly-P, presumably using the P and energy released from depolymerization as a source for ATP in the absence of oxygen as a terminal electron acceptor. Upon exposure to oxygen, the PAB-dominated community removes P from the aqueous environment in order to reform intracellular inorganic poly-P reserves, producing a system deplete in dissolved P and rich in particulate P, which can be filtered and removed [Comeau et al., 1986; Nielsen et al., 2010; Schuler and Jenkins, 2003; Seviour et al., 2003] . To our knowledge, the redox-sensitive remineralization of exogenous (e.g., phytoplankton derived) inorganic poly-P by bacteria has not been observed. In fact, the general bioavailability of exogenous inorganic poly-P remains unknown.
[7] A bacterially driven process analogous to enhanced biological phosphorus removal may be contributing to the redox-sensitive cycling of P in aquatic systems [Hupfer et al., 1995 [Hupfer et al., , 2004 Ingall and Jahnke, 1997; Sannigrahi and Ingall, 2005] . Poly-P metabolism occurs along a redox potential range that overlaps microbially mediated iron reduction [Davelaar, 1993] . Thus, P distribution and fluxes in redox transitions attributed to the coupled cycling of iron and phosphate may include some component of poly-P metabolism. Although poly-P has been previously shown to represent a substantial portion of the total P in marine systems and our current study site in particular [Diaz et al., 2008; Sannigrahi and Ingall, 2005; Young and Ingall, 2010] , the potential redox-sensitive cycling of this chemical species has remained enigmatic and historically eluded direct detection [Davelaar, 1993; Gächter et al., 1988; Golterman, 2001; Hupfer et al., 1995 Hupfer et al., , 2004 Hupfer et al., , 2008 Sannigrahi and Ingall, 2005; Schulz and Schulz, 2005] . Here, we utilize field observations collected during two seasons in Effingham Inlet, British Columbia, to clarify the potential role played by poly-P in the redoxsensitive remineralization of P.
Methods

Study Site
[8] Field observations were collected during April and July 2007 from Effingham Inlet, a fjord located on the west coast of Vancouver Island, British Columbia (Figure 1 ). Effingham Inlet is a very narrow basin with dynamic bottom topography, including a shallow (40 m) sill present at the entrance to the upper basin, which restricts vertical circulation in this area, leading to persistent bottom water anoxia. The location of the water column redox transition zone in this 120 m deep basin varies across seasons but is typically present between 60 and 80 m depth.
Sample Collection and Analysis
[9] Seawater samples and in situ data were collected aboard the R/V Barnes using a CTD rosette sampler. Dissolved oxygen concentrations and physical properties of the seawater such as temperature and salinity were measured continuously during each cast, and these data were processed using the SEASOFT software (Seabird Electronics, Inc., Washington, USA). The water column redox transition zone was defined as the depth range corresponding to 1-10% oxygen saturation, where the concentration of dissolved oxygen in the surface 1-2 m was assumed to be the 100% oxygen saturation level.
[10] Water samples for soluble reactive P (SRP) were syringe filtered (0.45 mm) and analyzed in the field according to standard colorimetric protocols [Hansen and Koroleff, 1999] . Measurements of SRP typically exhibited errors of <3%. Water samples for bacterial counts were fixed in 2% formaldehyde and filtered onto polycarbonate membrane filters (0.2 mm). Cells were counted on an Olympus epifluorescence microscope after staining with 4′,6′-Diamidino-2-phenylindole (DAPI).
[11] Particles were collected from seawater onto GF/F filters (Whatman) and size fractionated between 1 mm and 10 mm using an in situ McLane pump. Particulate P was quantified using the procedure of Aspila et al. [1976] . Duplicate measurements of particulate P agreed to within <5%, and the measured value of NIST Standard Reference Material 1573a (tomato leaves) was within AE5% of the certified value.
[12] Total particulate C (PC) and N (PN) were determined with an elemental analyzer (Costech Analytical Technologies, Inc.). Samples for particulate organic C (POC) and nitrogen (PON) were prepared according to the vapor acidification approach of Hedges and Stern [1984] . The error associated with the measurement of C and N by this method is typically AE15% and AE6%, respectively.
[13] Extractable Fe analysis was performed following 24 h extraction of the filtered material into a basic solution of 5% bicarbonate, 5% citrate, and 2% ascorbic acid, subsequent acidification to pH 1, and analysis on a flame atomic adsorption spectrometer. The typical analytical error associated with this measurement is AE5-10%.
[14] P speciation of particles collected in the 1-10 mm size fraction was assessed using the P sequential extraction procedure (SEDEX) developed by Ruttenberg [1992] . As a modification of the original SEDEX protocol, we measured both the organic and inorganic P of every SEDEX fraction. Error associated with the measurement of organic P in SEDEX fractions was AE31%, whereas the error associated with the measurement of inorganic P in SEDEX fractions was AE24%.
[15] Direct quantification of particulate inorganic poly-P in the 1-10 mm size range was accomplished using a recently developed fluorometric protocol based on the interaction of inorganic poly-P with DAPI [Aschar-Sobbi et al., 2008; Diaz and Ingall, 2010] . DAPI is commonly utilized as a stain for nucleic acid but will also bind poly-P, which can be detected at a characteristic wavelength. Using a combination of incident and observed wavelengths optimized for specificity and sensitivity for poly-P detection [Aschar-Sobbi et al., 2008] , inorganic poly-P of at least 15 P atoms in size is quantified independently of chain length to a detection limit of 0.5 mM [Diaz and Ingall, 2010] . Typical errors associated with this technique are AE15% [Diaz and Ingall, 2010] .
[16] Particulate samples for inorganic poly-P analysis were stored approximately 3 years before development of the fluorometric technique. These samples may have therefore undergone an unknown degree of poly-P degradation in this time, based on the finding that aqueous sodium poly-P standards are subject to observable decomposition over 10-15 days [Diaz and Ingall, 2010] . Based on the unknown storage effect on our samples and the chain length specificity of the fluorometric method, our inorganic poly-P measurements represent minimum estimates.
Results and Discussion
Oxygen
[17] Sampling during April and July 2007 occurred during and after the spring bloom, respectively. Consistent with the rapid consumption of oxygen (O 2 ) coupled to the oxidation of abundant organic matter produced during bloom conditions, the position of the water column redox transition (1-10% O 2 saturation) was higher in April (60.3 AE 1.0 (average AE standard deviation) m to 64.8 AE 0.5 m) than during postbloom sampling in July (68.7 AE 2.1 m to 76.7 AE 1.5 m). In the April sampling season, the redox transition zone ranged from 31 AE 3 to 317 AE 99 mg O 2 L À1 . Similarly, the redox transition zone ranged from 34 AE 7 to 370 AE 27 mg O 2 L À1 in the July sampling season (Figure 2 ). total particulate phosphorus (TPP) in the 1-10 mm size fraction was observed at 61 m and 77 m in the April and July sampling seasons, respectively ( Figure 3 ). An overlapping peak in SRP occurred at 60 m in April and 75-76 m in July (Figure 3 ). The average peak concentration of TPP and SRP in both seasons was 1.13 AE 0.09 mM and 4.5 AE 0.4 mM, respectively. The gradients in TPP and SRP concentration on either side of these peaks were steep. For example, TPP exhibited an average concentration gradient of 0.25-0.5 mM m À1 across both seasons, whereas SRP displayed an average gradient of 0.13-0.63 mM m À1 .
Dissolved and
[19] As expected, the hypoxic transition zone coincided with a pycnocline in both seasons ( Figure 2 ). The density gradient in April (91.2 AE 10.5 g m À4 ) was stronger than in July (6.7 AE 0.4 g m À4 ). However, in either season, the dramatic patterns in P distribution cannot be explained by simple particle settling alone. For example, although particulate C and N also exhibited peaks in concentration within the redox transition zone (Figure 4 ), particulate elemental ratios in the 1-10 mm size fraction indicate that P accumulates independently of C and N. Outside the redox transition, average atomic ratios of particulate C:P, N:P, and C:N across both seasons were 137.9 AE 92.8, 22.7 AE 15.4, and 7.1 AE 3.5, respectively ( Figure 5 ). A two-sided t test revealed that the C:P ratio was consistent with the revised Redfield composition of Anderson and Sarmiento [1994] (Redfield C: P = 117; p = 0.19; T = 1.33; n = 35), as was the C:N ratio (Redfield C:N = 6.625; p = 0.39; T = 0.88; n = 35). In contrast, the average C:P and N:P ratios within the hypoxic transition zone (44.2 AE 22.3 and 8.33 AE 4.0, respectively) were each $65% lower than the particulate C:P and N:P composition of vertically adjacent waters ( Figure 5 ), a statistically significant decrease (p = 0.0002; T = 4.09; n = 52) and (p = 0.0004, T = 3.75; n = 52), respectively. However, C:N ratios within the redox transition (5.2 AE 0.7) were only $30% lower than the particulate C:N composition in adjacent waters, as reflected in the relatively conservative depth profile of C:N ( Figure 5 ). These elemental ratios indicate that P is preferentially accumulated in particulate matter relative to C and N at the hypoxic transition zone.
[20] In addition to particulate elemental ratios, particulate P concentrations normalized to bacterial cell abundance also show a depth-dependent trend, with the concentration of TPP expressed per cell increasing threefold to fivefold within the redox transition ( Figure 6 ). If the fraction of P unassociated with bacterial cells is assumed to be constant with depth, this finding suggests that the in situ bacterial community may store excess P under anoxic conditions relative to their constitutive demand under redox-stable conditions. Why this excess P storage may occur, especially in a redox-sensitive and therefore depth-dependent manner, is not well understood, nor is it intuitive given the high concentration of exogenous, bioavailable SRP. However, this pattern is nevertheless consistent with the conceptual models of enhanced biological phosphorus removal in wastewater treatment systems.
[21] Although discrepancies in particulate C content between Niskin bottle and in situ pump sampling methodologies have been reported previously [Liu et al., 2005 [Liu et al., , 2009 Moran et al., 1999] , several factors may explain the relative consistency we observe between results from these two methods (Figures 3 and 4) . For instance, size fractionation of our in situ pump samples (1-10 mm) may help to reconcile results from these two methods. Furthermore, particulate N and P estimates may be subject to inherently smaller discrepancies than those previously reported for C, especially in the size fraction examined. The high degree of productivity observed in our study site may also serve mitigate potential inconsistencies between the two sampling methods.
P Speciation
[22] On average across both seasons and all sampling depths, the majority of P in the 1-10 mm size fraction (97.6 AE 5.6%) was recovered in the loosely sorbed, Febound, and recalcitrant organic P fractions, the first, second, and fifth steps of the SEDEX procedure, respectively. The loosely sorbed P fraction alone accounted for an average of 69.4 AE 18.4% of total extracted P across all samples. Detrital and authigenic P concentrations were at or below detection. Although every SEDEX P fraction exhibited local maxima at the depth corresponding to peak TPP (Figure 7) , Figure 3 . Phosphorus distributions. (a and b) Concentrations of total particulate P (TPP) and particulate organic P (POP) and (c and d) soluble reactive P (SRP) exhibited local maxima within the hypoxic transition zone (shaded regions) in both sampling seasons. Particulate P and SRP measurements exhibited errors of less than AE5% and AE3%, respectively. changes in TPP content were driven primarily by shifting concentrations of loosely sorbed P (Figure 7) .
[23] Across both sampling seasons, the TPP maximum measured in the 1-10 mm size fraction was 80.4 AE 0.1% in excess, or 908.7 AE 0.1 nM P higher than the concentration of TPP expected at this depth based on Redfield stoichiometry and the concentrations of particulate C and N. As seen in the plots of relative concentration (Figure 7) , SEDEX results did not reveal a single P fraction that could account for the entire excess or non-Redfieldian TPP observed in either sampling season. In fact, based on its profile of TPP-normalized content, adsorbed organic P was the only SEDEX P pool that appeared to be preferentially accumulated within the TPP maximum in both seasons (Figure 7 ). For example, loosely adsorbed organic P increased from an average of 10 to 32% of TPP in the TPP max during April 2007 and from 35 to 61% of TPP in July 2007, for an average relative increase of 23 AE 3%. Thus in each season, approximately 23% of the TPP maximum represents the fraction of organic adsorbed P that has been accumulated in excess of the composition of vertically adjacent waters. The remaining $77% of the TPP maximum in either season is therefore due to the near-proportional increase in all of the other P species at that depth, e.g., adsorbed inorganic P, oxide associated P, and recalcitrant organic P. More of the TPP within the P maxima can possibly be attributed to P speciation shifts than our findings indicate, as the SEDEX method may not sufficiently delineate changes in P composition within broad extraction groups, e.g., between specific compounds within the fraction identified as "loosely sorbed P."
[24] The recalcitrant organic P and Fe-bound P fractions follow a pattern consistent with redox-sensitive degradation based on their profiles of relative concentration (Figure 7) . Indeed, Fe oxyhydroxide-bound SRP decreased from 40 AE 8 nM P within and several meters above the TPP maximum to 6 AE 1 nM P below across both seasons. Despite this relatively low P concentration, the atomic ratio of total Fe-bound P to total particulate Fe (P:Fe) was $0.2-0.6 above the redox transition, which is relatively high compared to the typical P:Fe ratio in modern, fully oxygenated sediments ($0.03) [Planavsky et al., 2010] .
[25] In contrast to the redox-sensitive drop in Fe-bound P content, decreases in the relative content of recalcitrant organic P across the hypoxic transition zone are driven by increases in TPP rather than absolute decreases in this P pool. For example, the content of recalcitrant organic P within and several meters above the TPP maximum was 43 AE 9 nM P and remained relatively unchanged at 36 AE 7 nM P below.
[26] The large (23%) preferential accumulation of organic adsorbed P within the TPP max is consistent with preferential biological synthesis of not only a variety of organic P species but also inorganic poly-P, which is typically detected in operationally defined "organic P" pools. Previous measurements of poly-P content within the Effingham Inlet water column have revealed that poly-P accounts for approximately 7-23% of TPP in plankton, sinking particles, and dissolved matter based on 31 P-NMR [Diaz et al., 2008] and fluorometric analysis [Diaz and Ingall, 2010] . In contrast, our current results from the fluorometric analysis of suspended particles (1-10 mm fraction) indicate that inorganic poly-P is a substantially lower fraction of the total P in this pool ($1%). For instance, the inorganic poly-P content of 1-10 mm particles 2 m above the TPP max was 1 nM P, increasing to an average concentration of 9 nM P within the TPP max, and decreasing to below detection $15 m below the hypoxic transition zone (<0.8 nM P in situ).
[27] The disappearance of inorganic poly-P from the 1-10 mm particulate fraction in anoxic waters is in contrast to previous results indicating the stability of inorganic poly-P in the anoxic zone. For example, previous results revealed comparable levels of dissolved poly-P in oxic and anoxic waters, and the vertical transport of diatom-encased poly-P through anoxic waters has been observed in Effingham Inlet [Diaz et al., 2008] . Thus, the apparent redox-sensitive remobilization of inorganic poly-P seems to not only be a function of particle association, and therefore consistent with biological control, but also of particle size.
[28] The decreasing inorganic poly-P content of 1-10 mm particles is also consistent with the hypothesis that bacterial degradation of endogenous inorganic poly-P is an important mechanism for redox-sensitive cycling of poly-P, rather than bacterial degradation of phytoplankton-associated poly-P, which is likely to be detected in a larger size fraction. However, our observations do not rule out phytoplanktonderived inorganic poly-P as an exogenous source of poly-P for remineralization by bacteria. For example, inorganic poly-P exists in a range of sizes, including micron-sized granules within 50-100 mm phytoplankton cells down to dissolved molecules (<0.45 mm) [Diaz et al., 2008] . Although the bioavailability of exogenous inorganic poly-P remains largely unexplored, bacteria may potentially remineralize phytoplankton-derived particulate inorganic poly-P in the 1-10 mm particle fraction. Alternatively, dissolved poly-P may adsorb to the surface of bacterial cells where it may undergo further transformation, which is consistent with our finding of 23% excess accumulation of adsorbed organic P in the 1-10 mm particle fraction. Figure 5 . Particulate elemental ratios. Atomic ratios of particulate C, N, and P revealed that P is preferentially accumulated within the redox transition zone (shaded regions) in both sampling seasons. The experimental errors associated with the measurement of particulate C, N, and P were AE15%, AE6%, and AE5%, respectively. ) the concentration of cell-normalized total particulate P (TPP) and particulate organic P (POP). The error associated with the measurement of particulate P was typically less than AE5%.
Quantification of Mechanisms for Redox-Sensitive P Cycling in Suspended Particles (1-10 mm)
[29] Our direct field observations reveal a pattern of inorganic poly-P content in 1-10 mm particles that is consistent with the redox-sensitive transformation of poly-P. While the dissolution of poly-P is presumably a redoxindependent process that cannot be ruled out, the spatial correlation between increasing hypoxia/anoxia and the disappearance of particulate poly-P tends to suggest redoxsensitive microbial remineralization of poly-P as a dominant process. Assuming this is the case, a quantitative understanding of the contribution of poly-P remineralization to redox-sensitive production of dissolved P can be obtained.
Vertical Dispersive Flux of SRP
[30] Several mechanisms may contribute to the maintenance of the sharp peak in SRP concentration at the hypoxic transition zone. These may include Fe-linked P cycling and microbial poly-P cycling. Assuming one-dimensional steady state, these SRP production mechanisms must collectively balance the vertical dispersive flux of SRP (D v ). Vertical advective transport of SRP across the well-stratified hypoxic transition zone in Effingham Inlet is considered negligible; therefore, vertical turbulent diffusion is assumed to be the main component of D v . Vertical turbulent diffusion of SRP is thus calculated as the product of the vertical turbulent diffusivity constant (K v ) and the vertical gradient of SRP concentration across the hypoxic transition:
where x is depth in meters. The vertical turbulent diffusive fluxes of SRP were calculated for every SRP profile by determining the SRP concentration gradient above the peak SRP concentration (Table 1) . The vertical turbulent diffusivity constant was modeled using the density budget method Figure 7 . SEDEX composition of particulate phosphorus. Loosely adsorbed organic P accounted for approximately 23% of the non-Redfieldian accumulation of P within the particulate P maximum in both sampling seasons. The TPP maxima in April and July are represented by the sample at 61 m and 77 m in each season, respectively. Error associated with the measurement of organic P in SEDEX extracts was AE31%, whereas the error associated with the measurement of inorganic P in SEDEX extracts was AE24%.
developed for stratified aquatic systems [Axell, 1998; Gargett, 1984; Manning et al., 2010; Turnewitsch and Pohl, 2010] . Briefly, polynomial functions were fit to the average density profile collected in each sampling season using Matlab 7.10. The approach utilized our time series measurements of seawater density (i.e., July and April data sets) to calculate K v as a function of depth by the following relationship:
where r SW is seawater density, a is the depth of interest, b is the total depth, and t is time.
[ throughout the April and July sampling seasons (Table 1) .
Iron-Linked SRP Remobilization
[32] The reductive dissolution of Fe oxyhydroxide particles in hypoxic/anoxic waters is associated with the remobilization of SRP. To quantify this redox-sensitive P remobilization flux, the flux of reducible Fe production (F Fe ) was first calculated. F Fe is defined as the product of the change in total particulate Fe concentration across the redox boundary (DFe P,Tot ) and the vertical settling flux of Fe oxyhydroxide particles estimated by Stoke's Law:
where r Fe is the average density of Fe oxyhydroxide particles, g is acceleration due to gravity, d Fe is the average diameter of Fe oxyhydroxide particles, and m is the dynamic viscosity of seawater. Because particles were size fractionated between 1 and 10 mm, F Fe was computed at both endmember values of d Fe . A minimum average Fe oxyhydroxide particle density of 2.82 AE 0.26 g cm À3 was assumed to be representative of particles of this size range [Schwertmann and Fischer, 1973; Taillefert and Gaillard, 2002] , whereas 5.50 g cm À3 (hematite) was defined as the maximum average density. The dynamic viscosity of seawater was calculated by the equation described by Sharqawy et al. [2010] using in situ temperature, density, and salinity measurements. 
The flux of dissolved P associated with the reductive dissolution of Fe oxyhydroxide particles was calculated for each depth sampled according to equations (3) and (4) and under different particle size and density scenarios. Each flux is expressed in absolute terms (mmol m À2 d À1 ) and relative to the average vertical dispersive flux of SRP in the respective sampling season (% SRP flux). Typical errors associated with the measurement of total particulate Fe were AE5-10%.
Total particulate Fe concentrations below the redox transition were below the detection limit of our analytical system and were therefore assumed to be equal to zero for the purpose of these calculations.
[33] The remobilization of SRP associated with the reductive dissolution of Fe oxyhydroxide particles (F SRP, Fe ) was determined by multiplying the flux of reducible iron production, defined above, by the atomic ratio of P to Fe:
The atomic ratio of P to Fe was determined experimentally (Table 2 ). Under the maximum particle size scenario, the values for F SRP,Fe ranged from 238 AE 49 mmol m À2 d
À1
(minimum density) to 592 AE 122 mmol m À2 d À1 (maximum density) across both seasons (Table 2 ). These fluxes account for 26 AE 13% and 65 AE 33% of the average SRP diffusive flux determined above (Tables 1 and 2 ). Under the minimum particle size scenario, however, F SRP,Fe values were two orders of magnitude lower, accounting for less than 1% of the vertical dispersive transport of SRP across the hypoxic transition zone on average (Table 2) .
Microbial Cycling of Inorganic Poly-P
[34] Redox-sensitive remobilization of inorganic poly-P is generally thought to be a microbially regulated process. For example, the microbial breakdown of endogenous inorganic poly-P under hypoxic/anoxic stress in industrial aquatic systems such as wastewater treatment reactors is associated with the release of SRP to the surrounding environment, with nucleotides serving as likely intermediates [Brown and Kornberg, 2004; Kornberg, 1995; Rao et al., 2009; Groenestijn et al., 1987] . Inorganic poly-P not only functions as an energy reserve but can also serve as ballast in bacterial cells [Romans et al., 1994] . For example, negatively buoyant polyphosphate-laden cells of the cyanobacterial species Trichodesmium tenue have been found to be 5.5-12.0 times as dense as positively buoyant, polyphosphatefree cells of the same species [Romans et al., 1994] .
[35] Although we did not directly observe poly-P accumulating bacteria (PAB) in Effingham Inlet, the finding of inorganic poly-P in the 1-10 mm particulate fraction is consistent with their presence. To quantify redox-sensitive SRP remobilization by the hypothesized community of PAB in Effingham Inlet (F SRP,PAB ), the change in inorganic poly-P content across the redox transition zone (DpolyP) is multiplied by the vertical settling velocity of negatively buoyant PAB:
where r PAB is the average density of PAB (g cm À3 ) and d PAB is the average diameter of PAB. Because of the 1-10 mm size fractionation of our samples, these endmember particle diameters were used to define d PAB for minimum and maximum particle size scenarios. Microscopic images from the analysis of PAB in natural populations, laboratory cultures, as well as sewage treatment reactors show that PAB may form aggregates up to approximately 5-15 mm in diameter [Eixler et al., 2005; Liu et al., 2001; Selig et al., 2004] , likely in association with organic debris. For a minimum density scenario, the value of r PAB was set to 5.5 times the ambient seawater density, i.e., 5.5 times the neutrally buoyant case. Similarly, a maximum density scenario was performed by setting r PAB equal to 12.0 times the neutrally buoyant case. Direct measurements of the buoyancy of PAB are very limited; however, these density values are consistent with measurements made previously by Romans et al. [1994] on the cyanobacterium T. tenue. As inorganic poly-P concentrations below the hypoxic transition zone were lower than our analytical detection limit (<0.8 nM in situ), a concentration of zero was assumed for inorganic poly-P below the hypoxic zone.
[36] Under the maximum cell size scenario, SRP remobilization by the redox-sensitive microbial breakdown of inorganic poly-P was estimated to be 37-331 mmol m À2 d
À1
(maximum cell density scenario) and 15-136 mmol m À2 d
(minimum cell density scenario) across both sampling seasons (Table 3) . Thus, inorganic poly-P degradation accounted for as much as 4 AE 3% to 9 AE 8% of the vertical dispersive SRP flux (Table 3 ). Relative to their magnitudes, these fluxes display a much larger variation with respect to depth than that seen in the Fe-linked P remobilization fluxes ( Table 2 ), suggesting that redox-sensitive microbial metabolism of inorganic poly-P occurs at an overlapping yet much narrower range of dissolved oxygen concentrations than reductive dissolution of Fe oxyhydroxides. Therefore, the depth-averaged estimates of inorganic poly-P degradation provided above may not accurately represent the contribution of this mechanism to the The flux of dissolved P associated with the redox-sensitive cycling of inorganic poly-P by bacteria was calculated for each depth sampled according to equation (5) and under different cell size and density scenarios. Each flux is expressed in absolute terms (mmol m À2 d À1 ) and relative to the average vertical dispersive flux of SRP in the respective sampling season (% SRP flux). Typical errors associated with the measurement of inorganic poly-P are AE15%.
remobilization of P across the redox transition in Effingham Inlet. For example, in the TPP max measured during July 2007, particulate inorganic poly-P degradation in the 1-10 mm size fraction could account for as much as 18% (maximum cell size and density scenario) of the total vertical dispersive flux of SRP (Table 3) .
Perspectives and Implications
[37] Maxima in SRP and TPP content were observed within the water column redox transition zone of Effingham Inlet during April and July 2007. TPP maxima were characterized by a preferential accumulation of loosely adsorbed organic P in both sampling seasons. This P fraction perhaps contained a substantial amount of inorganic poly-P, which is typically detected in operationally defined "organic P" pools. Based on our modeling approach, the redox-sensitive cycling of P linked to Fe oxyhydroxide dissolution could not account for the production of SRP at the hypoxic interface. Inorganic poly-P may therefore be involved in the redox-sensitive production of SRP. Based on conservative direct measurements of inorganic poly-P content, the redoxsensitive remineralization of poly-P can account for up to 4 AE 3% to 9 AE 8% of the vertical turbulent diffusive flux of SRP. This figure is likely a minimum estimate based on several issues related to our direct measurement of inorganic poly-P content. For example, our calculated poly-P remineralization fluxes may be substantially underestimated if a large fraction of the endogenous microbial inorganic poly-P pool is below 15 P units in length, as our quantification method is insensitive to these shorter-chain poly-P molecules [Diaz and Ingall, 2010] . Previous results also indicate that synthetic dissolved inorganic poly-P up to 130 P units in length is unstable over storage periods exceeding 10-15 days [Diaz and Ingall, 2010] . Thus, our particulate inorganic poly-P samples may have been compromised over longer periods of storage time ($years). Indeed, excess ($23%) accumulation of the adsorbed organic P SEDEX fraction within the TPP maximum indicates that the pool of redoxsensitive biogenic P may be larger than that indicated by direct measurements of inorganic poly-P. Furthermore, the steady state concentration of inorganic poly-P in microbial cells under oxygen stress may be vanishingly small if turnover rates are high, which would mask a potentially large role for poly-P in the redox-sensitive remobilization of SRP.
[38] Based on our calculations of Fe-linked P cycling and inorganic poly-P cycling, a maximum of only 74.3 AE 33.6% of the vertical dispersive SRP flux could be explained across both sampling seasons. The inability to account for the entire vertical dispersive flux of SRP by the combined fluxes of Fe-linked P cycling and poly-P cycling is furthermore consistent with an underestimation of poly-P flux. Less likely is the conclusion that our estimates of Fe-linked P cycling are substantially underestimated. For example, although the calculation of Fe-linked P remobilization fluxes in Effingham Inlet would benefit from experimental characterization of Fe oxyhydroxide particle size distributions, our estimates of Fe-linked P cycling are similar to those observed in other marine systems. Previous estimates in hypoxic regions of the Baltic Sea, for instance, showed that the contribution of oxyhydroxide-linked P cycling to water column dispersive fluxes of SRP ranged from 37 AE 45% to 62 AE 29% [Turnewitsch and Pohl, 2010] .
[39] Based on our conservative estimates, microbial cycling of inorganic poly-P may contribute to the redox-sensitive remobilization of SRP in Effingham Inlet. The contribution of redox-sensitive poly-P cycling may be more substantial in other hypoxic/anoxic boundaries, especially iron-poor oxygen minimum zones of the open ocean and bacterial mat communities of known inorganic poly-P producers, such as Thiomargarita namibiensis [Schulz and Schulz, 2005] and closely related genera. The potential role of inorganic poly-P in the redox-sensitive cycling of P implies a direct biological mechanism for the enhanced release of P observed in hypoxic/anoxic environments, a phenomenon that has been predominantly explained by abiotic or indirect biological mechanisms for over half a century. The potential role of poly-P in the redox-sensitive remobilization of P also implies that natural PAB communities may contribute to a direct biological negative feedback mechanism for atmospheric oxygen stabilization over geologic timescales [Van Cappellen and Ingall, 1996] . In addition, through mechanisms of redox-sensitive poly-P cycling, organisms may form a positive feedback to eutrophication and the expansion of the world's oxygen minimum zones over shorter timescales.
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